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ABSTRACT 
 
 Introduction: The purpose of this study was to determine how micro-
osteoperforations (MOPs) affect tooth movements and bone characteristics, including 
bone turnover, bone density, and bone volume. Methods: A split-mouth design with 7 
beagle dogs was used to evaluate bone surrounding maxillary second premolars that had 
been retracted for 7 weeks. The maxillary third premolars were extracted and, after 1 
month of healing, 8 MOPs (1.5 mm wide and 7 mm deep created with the PROPEL 
device) were placed without flaps around the experimental side maxillary second 
premolars. The maxillary second premolars were retracted bilaterally with 200 g nickel-
titanium closed coil springs. Tooth movements were measured intraorally and 
radiographically. Microcomputed tomography analysis was used to evaluate the material 
density and bone volume fraction of bone adjacent to the moving teeth. Hematoxylin and 
eosin sections and fluorescent sections were used to examine the bone. Results: Overall 
tooth movements were slightly greater on the MOP side, but neither the intraoral tooth 
movement measurements nor radiographic tooth movement measurements showed 
statistically significant (p=0.866, p=0.528) differences.  There also were no statistically 
significant differences in bone density (p=0.237) and bone volume fraction (p=0.398). 
Fluorescent image and histologic evaluations also showed no apparent differences near 
the tooth being moved. Bone healing was evident in and near the MOP sites, which had 
nearly, but not completely repaired by 7 weeks.  Regions of acellular bone were evident 
extending approximately 0.8 mm from the MOP sites. Conclusions: The extent of MOPs 
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effects on tooth movements are limited. MOPs placed 3 mm away do not increase tooth 
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CHAPTER I  
INTRODUCTION AND LITERATURE REVIEW 
 
Depending on case complexity, the duration of most comprehensive orthodontic 
treatments range from one to three years. More specifically, non-extraction cases require 
21-27 months and extraction cases require 25-35 months.1 Numerous factors influence 
treatment times, including the orthodontic mechanics employed, patient cooperation, 
and, particularly in extraction cases, the distance that teeth must be moved. 2-4  
Prolonged orthodontic treatment time is problematic. It increases the risk of root 
resorption, 5,6 decalcification, 7 and periodontal problems.8 Orthodontic research seeks to 
minimize these risks by developing methods to reduce treatment time, while still 
providing uncompromised treatment results.  
In search of faster tooth movements, researchers have evaluated various force 
levels, continuous verses discontinuous forces, different bracket systems, miniscrew 
anchorage, and various other orthodontic mechanics in an effort to optimize tooth 
movements. They have also studied pharmacological approaches to inducing faster tooth 
movements by increasing bone turnover and decreased bone density. Another 
extensively researched approach of increasing tooth movements is through a corticotomy 
procedure, and intentional surgical insult to the periodontium to induce the regional 
acceleratory phenomenon (RAP); corticotomies increase bone turnover and decrease 
bone density with the result of increasing tooth movement rates by two or more times 
normal rates for more extensive procedures. Surgical insults have ranged from full flap 
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and alveolar decortication to raising a flap alone to less invasive flapless procedures; 
because the RAP is proportional to the amount of injury, the results vary from significant 
changes in tooth movements to little or no differences with approaches inducing less 
injury.  
Researchers have used different animal models, including mice, rats, cats, dogs, 
and humans. Dogs are particularly useful for studying different orthodontic forces and 
mechanics due to their similarity in alveolar and tooth structure to humans9,10 and the 
fact that histological studies can be conducted on dogs that are not possible in humans. 
Through a systematic review of the dog and human literature relative to orthodontic 
tooth movements, a wide range of clinically applicable forces has been demonstrated, 
which incidentally are similar between dogs and humans.11  
The following section surveys the orthodontic literature including different 
animal and human studies that have evaluated orthodontic mechanics, pharmacological 
effects, and several different corticotomy procedures. Also included are a discussion of 
tooth movement rates and the biology of tooth movement. 
Tooth Movement Rates 
Orthodontic treatment frequently requires moving some or all teeth over 
significant distances. Tooth movement is a physiologically rate-limited process where 
forces applied to teeth are transmitted through the periodontal ligament into alveolar 
bone causing it to either resorb or grow.12 Excess force can lead to hyalinization, which 
is a counter productive formation of necrotic bone that must be resorbed through a 
slower process resulting in slower tooth movements.13 However, Ren et al found in a 
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systematic review and subsequent mathematical model that a wide range of clinically 
applicable forces (135 – 471 g) allowed human teeth to move approximately 1.1 mm per 
month, though variation can occur within and between individuals of a particular study 
even with identical mechanics.11,14 Numerous studies have confirmed teeth move about 1 
mm per month and, consequently, closure of a typical 7 mm premolar extraction site 
requires approximately 7 months.15-19 In order to better understand the relationship 
between tooth movement rates and treatment mechanics, researchers have studied 
humans as well as other species in order to compare differing orthodontic force levels, 
intermittent versus continuous forces, and even bracket types.  
Human Studies 
Human studies have shown that continuous forces generally produce faster space 
closure rates than intermittent forces. Up to about 140 g, increasing continuous forces 
result in increased tooth movement rates.15 Above about 140 g of continuous force, tooth 
movement rates do not significantly increase. Many studies show lighter, continuous 
forces move teeth faster than heavier, discontinuous forces.16,19,20 In addition, human 
research also showed twin brackets allow for faster tooth movement than self-ligating 
brackets.21  
In order to evaluate the effect of applied force on tooth movement rates, Boester 
and Johnston15 performed a split-mouth, canine retraction study with spring forces 
approximating 55, 140, 225 and 310 g. The springs were reactivated weekly over the 10 
week study. While the 55 g group showed significantly slower rates of tooth movement, 
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the other groups closed space at the same rate. The authors suggested that the force 
range of 140 to 310 g achieves a rate-limiting, maximal rate of bone resorption.  
In a split-mouth study comparing lower force magnitudes, Iwasaki et al18 closed 
upper first premolar extractions spaces with continuous forces of 18 g and 60 g applied 
by NiTi closed coil springs. The author placed Nance appliances and colligated the first 
molars and second premolars to isolate tooth movement to the canine. The results 
showed 1.27 mm of tooth movement per month for the 60 g group and 0.87 mm per 
month for the 18 g group, demonstrating significant differences in the overall tooth 
movement rates. The major difference in tooth velocities occurred during the first three 
months. After this initial period, there was no significant difference.  
Samuels et al16 compared extraction space closure performed with 150 g light 
continuous force, applied with NiTi closing coils, to a heavier intermittent force applied 
with 400 to 450 g elastomeric ligation. The continuous force closed space at 0.26 mm 
per week while the intermittent force closed space at a slower 0.19 mm per week. In a 
later study, Samuels et al17 demonstrated that 100 g and 200 g of continuous force closed 
space at 0.16 mm and 0.24 mm per week, respectively. Based on the results of these two 
studies, the 100 g NiTi continuous force and the 400 to 450 g intermittent force 
produced significantly lower rates of tooth movement than the 150 and 200 g NiTi of 
continuous force, which were not significantly different from each other. 
The effects of intermittent versus continuous force application was studied by 
Nightingale and Jones,19 who compared canine retraction in a split mouth study.  One 
side had continuous forces (209 g) applied with NiTi coil springs and the other side had 
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intermittent forces (300 g) applied with elastomeric chains. The continuous force 
mechanics closed space at 0.26 mm per week and the intermittent force closed space at 
0.21 mm per week.  There was no statistical difference between the lighter continuous 
force and heavier intermittent force space closure.  
Intermittent versus continuous space closure was also compared by 
Daskalogiannakis and McLachlan.20 They compared space closure performed on one 
side with a 70 g vertical retraction loop activated every six weeks against space closure 
with continuous forces on the opposite side applied using the same loop and 60 g rare 
earth magnets. The intermittent force closed space at 0.63 mm per month while the 
continuous force closed space significantly faster, at 1.22 mm per month. 
Tooth movement with sliding mechanics can be affected by binding and friction 
between wires and brackets. Burrow21 performed a split-mouth study comparing self-
ligating (SmartClip™ and Damon3™) and twin (3M Victory Series™) brackets to 
determine the relative roles of binding and friction. The canine being retracted was 
bonded with the bracket being studied, while the remaining teeth were bonded with 
Victory Series™ brackets. 150 g NiTi closed coil springs closed space on 018 stainless 
archwire. After four weeks, the canine with the twin bracket had moved 1.17 mm, while 
the self-ligating brackets moved the canine 1.10 mm (SmartClip™) and 0.9 mm 
(Damon3™).  The authors explained that the narrower width of the self-ligating brackets 
may lead to increased binding, which may explain the significantly faster rates of tooth 
movement seen with the twin bracket.  
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Dog Studies 
Because the dog model exhibits similar alveolar bone characteristics as humans, 
research with this animal has contributed greatly to the understanding of tooth 
movement in humans.9,10 Dog studies have demonstrated that teeth move in four phases, 
including initial, arrest, acceleration, and linear. 50 to 200 g intermittent forces produced 
no significant differences between forces in these phases. Identical forces applied with 
continuous mechanics produce faster space closure than intermittent mechanics during 
the linear phase.  Miniscrew anchorage also produced no difference in tooth movement 
at different force levels. 22 
While studying rates of second mandibular premolar distalization into third 
premolar extraction space of dog, Pilon et al23 defined the following four tooth 
movement phases: initial tooth movement phase, arrest of tooth movement phase, 
acceleration of tooth movement phase, and constant linear tooth movement phase. While 
the split-mouth study using 50, 100, and 200 g pre-stretched elastic modules 
demonstrated a maximum of 2.5 mm per month, no significant difference occurred in 
movement rates or durations of the described phases. While the authors observed 
differences in tooth movement rates from dog to dog, the right and left sides of each dog 
were highly correlated.  
While using miniscrew implants mesial to the fourth premolar, Owens et al22 
evaluated retraction of mandibular second premolars into third premolar extraction 
spaces. Retraction forces of 25 and 50 g, applied with NiTi coil springs to the miniscrew 
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implants, resulted in no significant difference in tooth movements. Both sides showed a 
mean rate of 0.25 mm of movement per week.  
Van Leeuwen et al24 evaluated the difference between light continuous and light 
intermittent forces in beagles. The mandibular second premolars were distalized into 
extracted third premolar spaces using NiTi springs producing 10.2 and 25.5 g. The 
springs were either left in continuously or for 16 hours per day for the duration of the 
120 day experiment. The authors also found that tooth movements exhibited four phases, 
namely initiation, arrest, acceleration, and linear.  During the linear phase, the 
continuous force groups of 25.5 g and 10.2 g demonstrated space closures of 0.37 mm 
and 0.32 mm per week, respectively. For the same respective force levels, the 
discontinuous mechanics closed space at 0.25 and 0.21 mm per week during the linear 
phase. These results indicate equivalent continuous forces closed space faster during the 
linear phase.  
Human and Dog Systematic Review 
Ren et al14 performed a systematic review of orthodontic tooth movement in 
animals and humans. They sought to compare the rates of tooth movement and forces 
used in the various studies. The authors found that, despite consistent mechanics and 
forces, large differences in tooth movement can occur between subjects and even within 
individuals. Moreover, even with significantly different forces, tooth movement can be 
nearly identical between and within individuals. Ren and colleagues noted that these 
seemingly contradictory situations are possibly the result of individual variation in 
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anatomy and cellular response to tooth movement. Differences could also be due to 
variation in local factors such as cytokines and growth factors.  
In a follow up paper, Ren et al11 performed a systematic review to develop the 
mathematical relationship between tooth movement and force in both beagle dogs and 
humans. Their dog model predicts second mandibular premolar movement of 0.27 mm 
per week with an optimum force of 253 g. The exact force value was not critical; the 
95% confidence interval ranged from 106 to 463 g. Their human model predicted that 
canines retract 0.29 mm per week under 277 g of force, with a 95% confidence interval 
of 135 to 471 g. Ren et al concluded that human tooth and dog tooth movement rates are 
not significantly different and that they can be achieved over a wide range of forces, 
which also are not significantly different.   
Tooth Movement Hypotheses 
Numerous attempts have been made to explain the biology of tooth movement. 
The major hypotheses that have been proposed are mechanostransduction, piezoelectric, 
and pressure-tension. 
As in many crystalline materials, applying mechanical pressure can result in a 
piezoelectric effect with an electric charge developing on the surface of bone.25,26 Bassett 
and Becker27 indicated that stress-induced electrical potentials can lead to bone 
formation. It has been shown that as teeth move, positive ions briefly collect on the 
pressure side while negative ions move to the tension side. Upon force unloading, the 
ion polarity reverses.25 While studying bone remodeling, Davidovitch et al26 showed that 
teeth move faster in the presence of an electric current than when there is no current.  
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While possibly related, many researchers believe there is more to bone 
remodeling than changing ionic charges on the bone surface. The mechanotransduction 
hypothesis suggests orthodontic forces cause osteocytes within the bone to create an 
electrical or biochemical signal.28 Bone cells possess stretch-activated ionic channels 
which allow the passage of various ions including calcium.29 In addition, macromolecule 
connections exist between extracellular collagen to the transmembrane protein integrin. 
Mechanical excitations of this molecule are in turn transmitted to the nuclear membrane 
via the plasma protein actin and this causes osteocytic genomic activation. These bone 
remodeling signals are relayed between osteocytes via a cellular network of canaliculli 
and gap junctions called the ossesous cellular network.29,30  
The pressure-tension hypothesis is based on the idea that the periodontal 
ligament (PDL) is affected by tooth movement.31,32,33 Specifically, the PDL compresses 
and blood flow is restricted on the side to which the tooth is moving. The PDL stretches 
and blood flow improves on the side the tooth is moving away from. Moreover, bone 
deposition occurs on the tension side and resorption is seen on the compression side.  
However, the amount of pressure dictates the type of resorption observed. Under light 
force, frontal resorption is characterized by osteoclasts removing bone immediately 
adjacent to the compressed PDL. Under heavy force, PDL blood flow is restricted and an 
acellular “hyalinized” necrotic zone occurs. In a process known as undermining 
resorption, this zone is resorbed by osteoclasts invading from the still viable medullary 
bone on the opposite side of the hyanilized tissue. 
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Effect of Bone Remodeling Rates and Density on Tooth Movement 
Bone turnover is clearly associated with orthodontic tooth movements. King et 
al34 evaluated molar movements in rats and found bone resorption on the pressure side 
and bone formation on the tension side. Tooth movement rates were proportional to the 
rates of bone turnover.  
Verna et al35 separated Winstar rats into three groups, a control group, a high 
bone turnover group, and a low bone turnover group. Pharmacological induced thyroid 
changes were used to modify bone turnover in the “high” and “low” groups for four 
weeks prior to orthodontic tooth movement. The animal’s molars were then mesialized 
using constant and equivalent forces for three weeks. The results showed faster 
movement with the high turnover group and slower tooth movement in the low turnover 
group when each was compared to the normal control. This confirmed the proportional 
relationship between bone turnover and tooth movement. 
As one might expect, bone density also affects tooth movement. Goldie et al 
demonstrated this with 35 adult female rats were divided into a control group and a 
calcium deficient, lactating group.36 Orthodontic mesialization of the maxillary molars 
demonstrated faster movement in the calcium deficient group with less dense bone. The 
authors concluded that faster tooth movement was correlated with less dense bone.  
In a similar study related to bone density, Ashcraft et al37 used cortisone acetate 
to cause osteoporosis in an experimental group of New Zealand white rabbits, which 
they compared to an untreated control group. The rabbits’ maxillary molars were 
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mesialized orthodontically. Teeth moved three to four times faster in rabbits with 
osteoporosis, again demonstrating faster tooth movement with lower bone density.  
Accelerating the Biology of Tooth Movement 
Accelerated orthodontic tooth movement rates make it possible to reduce overall 
treatment times. Because increased bone turnover and decreased bone density produce 
faster orthodontic tooth movement, research has focused on ways to induce these 
conditions in bone.  
Regional Acceleratory Phenomenon 
Tooth movements can be accelerated by the regional acceleratory phenomenon 
(RAP), which increases bone remodeling rates and decreases bone density.38-40 The RAP 
is a complex reaction of tissue to noxious stimuli, which could include a crushing injury, 
a fracture, or an operation. The tissue response includes increased bone turnover and 
remodeling, increased cellular metabolism, growth of hard and soft tissue, and decreased 
regional bone density. The RAP has also been correlated to increased tooth movement, 
especially when the damage is extensive, such as with full flap elevation and 
corticotomies between tooth roots. 41 Tooth movements have been shown to increase by 
two to five times.42-44 These effects are present for approximately 1-2 months in dogs 
and 2-3 months in humans.1  
The RAP effect is proportional to the amount of insult. McBride et al45 
demonstrated that more extensive bone injury results in greater decreases in bone 
density.  Cohen et al12 also showed that more extensive injury increases tooth movement 
rates during premolar protraction into extraction sites. Researchers continue to 
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investigate different means by which to induce the RAP, while still reaping the benefits 
of faster tooth movements. More recent research focuses on doing so with minimal 
tissue trauma and risk to the patient.  
Corticotomies 
Surgical corticotomy is a procedure that raises a full-thickness mucoperiosteal 
flap and cuts the cortex of alveolar bone around the tooth to be moved. Wilcko et al41 
were the first to associate corticotomies and accelerated tooth movement with the RAP. 
In a split mouth study in beagle dogs conducted after allowing extraction sites to heal for 
4 weeks, Cho et al42 found that corticotomies plus orthodontic force moved teeth two 
times faster in the mandible and four times faster in the maxilla versus controls without 
corticotomies. Furthermore, the authors noted that maximum tooth movement occurred 
at two weeks post-corticotomy.  After allowing 16 weeks for extractions sites to heal, 
Iino et al43 also found faster tooth movement with corticotomies in dogs. Tooth 
movements were twice as fast during the first week and five times as fast during the 
second week. The overall result at the end of four weeks was twice the tooth movement. 
Sanjideh et al44 found that corticotomies performed the same day as extractions 
produced twice the tooth movement. They also found that a second corticotomy 
performed 4 weeks later produces statistically significant differences in total tooth 
movement, but the difference was not clinically significant and therefore a second 
corticotomy procedure is not warranted.  
Corticotomies induce RAP in a localized fashion, without cross-over to the other 
side of the arch or beyond one tooth away from the injury. A rat study showed that 
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selective alveolar decortication induced increased turnover of alveolar spongiosa that is 
localized to the area immediately adjacent to the decortication injury.46  
Flapless Corticotomies  
Due to the inherent risks - potential loss of alveolar bone height47 and possible 
dehiscence in areas of thin alveolar bone - and expense of a Wilcko style corticotomy 
surgery, researchers have sought alternate methods of achieving the RAP effect through 
less invasive means of injuring the bone, many of which do not involve raising a flap. 
Flapless approaches have induced bone injuries using a bone awl,48 a reinforced 
scalpel,49 a piezo knife,50-54 and a piezo endodontic tip.55 More recently, micro-
osteoperforations (MOPs) have been created with a small bur in rats56,57 and with the 
PROPEL device in humans.58 Their aim was to produce the RAP and accelerate tooth 
movement, but with less tissue trauma and costs.  
Microfracture Surgery 
One method of inducing bone damage with less surgical intervention is with the 
use of an awl and mallet. The aim is to induce microfracture in the cortical bone. Swapp 
et al48 conducted a dog-study wherein multiple (n = 60) microfracture injuries were 
induced in the buccal and lingual cortical plates around the mandibular tooth to be 
moved. After 4 weeks of extraction site healing, a grid of microfractures was created 
over the area of the tooth roots and extended 5 to 6 mm into the extraction space.  Target 
teeth were then moved with orthodontic force, but no difference was found in the rate of 
tooth movement between the experimental and control sides, even though 
microcomputed tomography (µCT) results showed significant decreases in cortical bone 
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volume fraction and cortical bone density on the experimental side. Histomorphometric 
images demonstrated cortical bone remodeling occurred on the experimental side 
whereas the control side showed almost no remodeling. Importantly though, the 
medullary bone exhibited no differences in bone volume or density between the two 
sides.  
Corticision 
In another type of supplemental dentoalveolar surgery, a reinforced scalpel is 
used to separate the interproximal cortices transmucosally without reflecting a flap. Kim 
et al49 investigated the biologic effects of corticision on alveolar remodeling during 
orthodontic tooth movement in cats. The animals were divided into three groups as 
follows: an orthodontic-only group (control), an orthodontic plus corticision group, and 
an orthodontic plus corticision and periodic mobilization group. While the cut depth was 
not specified, 0.4 mm wide corticisions penetrated through the gingiva, cortex, and into 
the medullary bone surrounding the canine. Results after 1, 2, 3 and 4 weeks of a 100-g 
orthodontic force showed that the orthodontic plus corticision group had 3.5 times more 
new bone apposition area than the orthodontic only group. Also, the orthodontic plus 
corticision group showed extensive direct resorption of bundle bone with less 
hyalinization and more rapid removal of hyalinized tissue. Notably, the majority of the 
effect lasted only about 4 weeks, which may not be long enough for typical extraction 
space closure.  
In a later study, Kim et al59 again studied orthodontic movement differences in 
response to adjunct therapy. This study was conducted using dogs and evaluated the 
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effects of both corticision and Low-Level Laser Therapy (LLLT) on tooth movement 
rates. Their animals were grouped as follows: an orthodontics only group, an 
orthodontics plus corticision group, an orthodontics plus LLLT group, and an 
orthodontics plus corticision and LLLT group. After 4 weeks of extraction site healing, 
corticision was performed on the mesiobuccal, distobuccal, mesiopalatal, and 
distopalatal sides of the maxillary second premolar.  The blade used in surgery 
penetrated 10 mm through the gingiva and into the cortical and medullary bone.  
Maxillary second premolars were then protracted with NiTi springs (150 g) for 8 weeks.  
Teeth in the orthodontics plus corticision group moved 3.8 times more than the teeth in 
the orthodontics only group. However, it is important to note that their injuries 
penetrated much further than traditional corticotomy. Also, the major effect lasted only 
about 4 weeks. 
Piezocision 
In a case report, Dibart et al50 introduced a novel technique aimed at inducing the 
RAP and enhancing tooth movement. The minimally invasive procedure combined 
microincisions with selective tunneling performed with piezoelectric incisions. Though 
tooth movements were not measured, the authors claimed that this novel approach 
allows shorter orthodontic treatment, minimal discomfort, and a stronger and thicker 
periodontium because of the added grafting.  
Ruso et al54 performed a split-mouth, flapless piezocision corticotomy procedure 
on dogs. 5 mm deep by 15 mm long cuts were made mesial and distal to and within the 
furcation of the maxillary second premolar. The control side received a sham surgery of 
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incision and suturing only, with no flap or bone injury. An appliance loaded the second 
premolar with 173 g of force in a buccal direction for 9 weeks followed by 2 weeks of 
consolidation. The experimental teeth moved 35% faster than controls, far less than 
twice the tooth movement seen in other corticotomy surgerys. Ruso and coworkers 
speculated the lack of effect was due to the procedure not including a full thickness flap.  
Piezopuncture 
Kim et al55 performed another study that used a somewhat different approach for 
accelerating tooth movement with minimal surgical invasion. This approach, currently 
applied in preprosthetic surgery, alveolar crest expansion, and sinus grafting, utilized an 
ultrasonic piezotome tip to induce cortex damage to a depth of 3 mm in sixteen positions 
around the target tooth, including both lingual and buccal surfaces. While the tip 
diameter was not specified, the instrument was described as having “a sharp curved tip.” 
The proposed advantage of this technique over corticision is that piezopuncture is better 
tolerated by patients, with damage being induced through direct, steady pressure of the 
tip into the cortex for 5 seconds versus the corticision procedure, which requires 
“malleting” the blade into the cortical bone. The six week study was conducted with 10 
beagles divided into an orthodontics only group (control) and an orthodontics plus 
piezopuncture group. Tooth movements were significantly greater in the piezopuncture 
group. Specifically, the maxillary teeth moved 3.3 times more in the experimental group 
than the control group, and the mandibular teeth moved 2.5 times more in the 
experimental group than in the control group. The effects were limited in duration. As 
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Kim et al also reported for corticision, they also suggested that piezopuncture could be 
repeated as needed since it is a more patient-tolerable procedure.  
Micro-osteoperforations  
In another attempt to minimize patient trauma while still producing the RAP 
effect, researchers developed a technique called micro-osteoperforation (MOP). This 
technique was first studied in rats using a small bur to create cortical injuries. This was 
followed by a human study where MOPs were created using a device with a small screw 
tip that punctures through the soft tissue and into cortical bone.  
Teixeira et al56 conducted research on rat maxillae, in which the first molars were 
protracted with a 51 g load. They evaluated the differences between orthodontic forces 
alone, orthodontic force plus a full thickness flap, and orthodontic force plus a flap and 
MOPs. The MOPs were created by drilling a 0.25 mm deep hole, with a 0.25 mm bur, 
after a flap was raised. Three MOPs were made 5 mm mesial to the first molar on one 
side of the mouth only. The other side served as the control with no treatment. The study 
measured bone density, tooth movement, osteoclast count, and cytokine count. All four 
parameters were higher for the orthodontic force plus flap and micro-osteoperforations 
group than for the other groups. The authors concluded that MOPs add a beneficial RAP 
effect above orthodontics alone or orthodontics plus a flap. Tooth movement results for 
the orthodontics alone group and orthodontics plus a flap group were not statistically 
different. This contradicts other findings showing that increased trauma due to raising a 
flap increases the RAP affect, and produces faster tooth movement.60 
  18 
Baloul et al also conducted a rat study with bur MOPs.57 Ten MOPs similar to 
those placed by Teixeira were placed after raising a flap on the experimental side only. 
The control side had no flap and no MOPs. After applying 25 g of force bilaterally, 
Baloul et al saw no significant difference in tooth movement despite raising a flap, 
which is known to cause accelerated tooth movements,60,61 and placing more MOPs than 
did Teixeira et al. 
A study by Safavi et al62 investigated flapless corticotomies induced with a 
surgical bur, which induces an injury like a micro-osteoperforation. Five adult German 
Shepherd dogs served as their own controls in this split-mouth study. The corticotomies 
were produced with a surgical bur drilled 2 mm deep through the buccal cortex mesial, 
buccal and distal to the second premolar. There was no healing time between extractions 
and corticotomies. While the publication does not specify the bur diameter, the injuries 
were reported as “small holes … using a fine surgical fissure bur.” The second premolars 
were immediately loaded for mesialization into first premolar extraction spaces. A NiTi 
spring applied 150 grams for 3 months. Corticotomies were performed immediately after 
extraction, at 1 month, and at 2 months. The study lasted 3 months. Results showed that 
the experimental premolars moved 1.6 times faster than the control premolar over the 
first month. However, the second and third month showed no statistically significant 
differences in tooth movement velocities compared to the control. Safavi and coauthors 
noted that the reduction in tooth movement rates during the second and third months 
resulted from the distal root encountering the mature lamellar bone, which was produced 
on the distal aspect of the mesial root as the tooth moved mesially. Safavi et al explained 
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that the more mature lamellar bone resulted from biologic materials being recruited 
following decortication and that this caused increased bone turnover and accelerated 
bone maturation.  
The PROPEL device was developed from the MOP research. It uses a surgical 
steel miniscrew to produce 1.5 mm diameter holes at variable depths through the gingiva 
and cortical plate adjacent to teeth to be orthodontically moved.58 Alikhani et al58 
conducted a study in which 20 Class II Div 1 adult patients requiring bilateral canine 
retraction into premolar extraction spaces were divided into two groups, an orthodontics 
plus MOP group and an orthodontics-only control group. After allowing the extraction 
site to heal for 6 months, the experimental side received three 1.5 mm diameter by 2 to 3 
mm deep micro-osteoperforations with the PROPEL device on one side of the maxilla. 
The three MOPs were placed in a vertical line between the canine and second premolar. 
The contralateral side of the same patient and both sides of a separate patient control 
group received no MOPs. Canine retraction occurred via a 100 g NiTi coil spring 
connected to a miniscrew placed mesial to the first molar. At the end of four weeks, 
there was approximately 1.3 mm of tooth movement in the orthodontic-plus-MOP group 
measured. Approximately 0.6 mm of movement occurred on the orthodontic-only side, 
indicating a 2.3 times increase in the tooth movement rate following MOP treatment.  
As shown previously, there is abundant orthodontic literature demonstrating that 
traditional orthodontics-only tooth movements occur at a rate of about 1 mm per 
month.11 While MOP based orthodontics increased tooth movements over non-MOP 
techniques within this study, the PROPEL MOP-based results of 1.3 mm per month 
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cannot be assumed to accelerate tooth movements beyond already achievable 
orthodontic-only techniques. Also, because this study was conducted on human subjects, 
histology, bone density, and bone turnover comparisons could not be made between 
MOP-assisted orthodontics and orthodontics-only affects on bone.  
Summary 
The literature consistently demonstrates that approximately 1 mm per month of 
tooth movement can be reasonably expected with non-accelerated, orthodontic-only 
treatment modalities. Since the 1980s, the RAP effect has been extensively studied and 
clearly associated with accelerated tooth movement. Moreover, it has been shown that 
the RAP effect is proportional to the extent of injury.12,45,63 Researchers have attempted 
to induce the RAP with various approaches.  
On the more extreme end, full thickness flaps with corticotomies are well 
established as inducing the RAP and accelerating tooth movement. Even raising a flap 
alone has been shown to increase tooth movements.60,61 On the less extreme end, 
Alikahani et al58 concluded from a human study that bone injury resulting from three 
micro-osteoperforations of 2-3 mm depth also induces sufficient damage to induce the 
RAP and more than double tooth movement rates. Moreover, Kim et al55 showed 
piezopuncture, a minimally invasive technique of inducing sixteen 3 mm deep injuries 
with an endodontic piezo tip also accelerate tooth movement. Both Alikahani’s MOP 
results and Kim’s piezopuncture results are surprising considering the fact that Swapp’s 
dog study induced sixty 2-3 mm deep cortical defects using a bone awl without marked 
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differences in medullary bone density or volume and also without significant differences 
in tooth movement rates.48  
In light of these conflicting results and the fact that no histologic studies to date 
have evaluated the RAP and the extent to which bone changes occur in response to 
MOPs, this split-mouth dog study proposes to evaluate MOP effects via linear 
measurements of tooth movement, µCT evaluation of bone density and bone volume 
fraction, fluorescent label evaluation of bone mineralization in the area of MOP, and 
histological differences in the beagle maxilla.  
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CHAPTER II  
PURPOSE AND SIGNIFICANCE 
 
Depending on case complexity, the duration of most comprehensive orthodontic 
treatments range from one to three years, with non-extraction cases requiring 21-27 
months and extraction cases requiring 25-35 months.1 Treatment times depend on the 
orthodontic mechanics employed, patient cooperation, and, particularly in extraction 
cases, the distance that teeth need to be moved. 2-4 Longer treatment times increase the 
risk of root resorption, 5,6 decalcification, 7 and periodontal problems.8  Orthodontic 
research seeks to reduce treatment time and the associated risks, while still providing 
uncompromised treatment results.  
Orthodontic tooth movements are physiologically rate-limited by how fast 
alveolar bone can model and remodel around the moving tooth.12 The orthodontic 
literature shows that tooth movements occur at approximately 1 mm per month.11,15-19  
Tooth movements can be increased by inducing the regional acceleratory phenomenon 
(RAP) with corticotomy procedures.42-44 The RAP is a response to the injury caused by 
these procedures; it accelerates existing biological processes, decreases bone density, 
and increases bone turnover.38  
Corticotomy procedures designed to stimulate the RAP, as first popularized by 
the Wilcko brothers, included raising a full-thickness flap and cutting through the 
cortical bone around teeth to be moved faster.41 Dog studies have demonstrated that 
teeth move approximately twice as fast when a flap and alveolar decortication are 
  23 
performed, though the accelerated movements appear to be limited to the first 2 – 4 
weeks.43,44 Corticotomy procedures insult the bone through the disruption of blood flow 
caused by raising a full thickness flap and by direct mechanical injury to the bone. The 
procedures are not without risk, including inherent surgical risks including infection, 
nerve damage, and anesthesia complications, the potential loss of alveolar bone height,47 
and possible dehiscences where thin alveolar bone exists.61 In order to reduce these risks, 
several studies have evaluated flapless corticotomies with less insult to the bone, though 
results have been conflicting.  
In a rat model, Teixeira et al demonstrated twice as much molar movements with 
flap surgeries and three micro-osteoperforations (MOPs) than when raising a flap alone; 
they concluded that MOPs were sufficient to induce the RAP and faster tooth 
movements.56 Baloul et al performed a similar rat study that flapped only the 
experimental side and placed ten MOPs near the targeted teeth, but found no significant 
differences in tooth movements. Similarly, flapless perforations of cortical bone in dogs 
had no significant long-term effects on tooth movements.48,62 Swapp et al showed that 
there were no side differences in tooth movement because the bone surrounding the teeth 
had not been affected by the flapless cortical perforations.48 In a clinical trial, Alikhani et 
al used the PROPEL device to place MOPs into upper premolar extraction sites in 
patients requiring canine retraction.58 They reported twice as much experimental than 
control tooth movement over the 28 days of their study.  
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In light of these conflicting results, the purpose of the present study was to 
evaluate the effects of MOPs - produced with PROPEL - on  tooth movements and bone 
using a canine model, which more closely resembles human bone and tooth structures. 
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CHAPTER III  
MATERIALS AND METHODS 
 
Seven skeletally mature male beagle dogs, approximately 24 months of age and 
weighing 21- 25 pounds, were used in this experiment. All of the animals had fully 
erupted dentitions and were healthy. Dogs were selected because the canine has been 
well established as one of the best animal models for investigating tooth movements and 
bony adaptation.9,10 Housing, care, and experimental protocols were approved by the 
Institutional Animal Care and Use Committee at Texas A&M University, Baylor 
College of Dentistry (IACUC 2014-0267-BCD). During the course of the experiment, 
the dogs were fed a soft diet to minimize damage to the orthodontic appliances. 
Extractions and Initial Records 
Following a 10-day quarantine, initial records were taken. The animals were 
fasted for 12-hours and then sedated with an intramuscular injection of ketamine (8-24 
mg/kg IM) mixed with xylazine (0.22 mg/kg IM). Dental prophylaxis using a Cavitron 
Select ultrasonic scaler (Denstply, York, PA), irrigated with 0.12% chlorhexidine 
gluconate was performed. Photos were taken, as well as right and left periapical 
radiographs using a Planmeca Intra X-Ray unit (Planmeca USA, Roselle, IL). The 
radiographs were taken using a custom designed cephalostat (Figure 1A), which was 
used to standardize the X-Ray tube position, the dog’s head position, and the size 4 film 
position. A representative sample of radiographs for one dog is shown in Figure 1B-F.  
For each dog, an occlusal plate was fabricated with custom impressed Triad  
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(Dentsply, York, PA) pads. For each radiograph, the occlusal plate was secured to the 
dog’s snout and inserted into a slot on the cephalostat base. A radiographic phosphor 
plate was placed on a 17° inclined plane support and the support was inserted between 
the cephalostat base and the dog’s maxilla. The X-Ray tube was inserted into a holder at 
the top of an extension from the cephalostat base and radiographs were recorded. 
Triad custom tray material (Dentsply, York, PA) was used to make maxillary 
impression trays, and alginate impressions of the maxilla were taken. The impressions 
were poured in die stone and the models were used for appliance fabrication. Local 
anesthetic (2% lidocaine with 1:100,000 epinephrine) was administered at the extraction 
sites via regional infiltration. Both maxillary third premolars were sectioned, elevated, 
and extracted. The tissue was reapproximated with simple interrupted 4-0 Vicryl 
resorbable sutures. Immediately after surgery, the dogs were given a single dose of 
ketoprofen (1 mg/kg IM). For the next week, they were also given post-operative 
analgesic (nalbuphine 2 mg/kg IM) and antibiotics (clindamycin 11 mg/kg IM) twice 
daily. 
Appliance Design  
Appliances were fabricated utilizing the stone models poured from the alginate 
impressions taken during the initial records (Figure 2).  Orthodontic band material 
(Dentaurum, Ispringen, Germany) was custom pinched and welded to fit the maxillary 
canines, second premolars, and fourth premolars. The interior aspect of each band was 
micro-abraded and the bands were perforated with 1 mm holes to maximize retention 
onto the tooth.  
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Headgear tubes of 0.051” diameter (3M Unitek, Monrovia, CA) were soldered to 
the orthodontic bands on the second and fourth premolars. Stainless steel orthodontic 
wire of 0.051” diameter was soldered to the canine bands and inserted through the 
headgear tubes on the bands of the fourth premolars. These served as “guard wires” to 
protect the appliance. An additional 0.051” diameter wire was soldered to the fourth 
premolar bands. This served as a “guide wire” along which the second premolar was 
translated. Stainless steel was used for the tube and wires in order to minimize friction. 
Also, tipping and binding were minimized since the 0.051” wire diameter closely fit the 
nominal 0.051” headgear tube. 
Spring attachment loops made of 0.020” stainless steel wires were soldered to the 
distal aspect of the second premolar bands and to the mesial aspect of the fourth 
premolar bands. Springs were attached bilaterally between the second and fourth 
premolars at the time of appliance delivery.  
MOP Placement, Appliance Delivery and Initial Records 
28 days after extraction of the maxillary third premolars, the animals were 
prepared for appliance placement and MOP surgery. Following initial sedation with the 
ketamine and xylazine cocktail previously described, the dogs were intubated and 
administered 1-1.5% isoflurane in oxygen at a rate of 1 L/min. Vital signs were 
monitored throughout. Dental prophylaxis using an ultrasonic scaler, irrigated with 
0.12% chlorhexidine gluconate, was performed. 
The experimental surgical side was chosen using an electronically generated 
random number table. On the experimental side, 8 micro-osteoperforations (MOPs) were 
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made using the PROPEL device (Propel Orthodontics, LLC, Milpitas, CA). The 
PROPEL miniscrew tip was 1.5 mm in diameter. The tip was inserted to the device’s 
maximum allowable depth of 7 mm, which included mucosa thickness. Two MOPs were 
placed within the furcation area of the maxillary second premolar, approximately 4 mm 
apart (Figure 3). Six additional MOPs were placed approximately 3 mm distal to the 
second premolar, configured in a rectangular pattern with approximately 4 mm spacing 
between MOPs. No MOPs were placed on the control side. 
Bone markers [3 mm long titanium miniscrew implants] were placed for 
radiographic reference. A total of four markers were placed in the maxilla, two on each 
side. The heads of the screws were inserted to just below the tissue level and the gingival 
tissue was allowed to heal over the head. A 0.12% chlorhexidine gel was applied to the 
MOP and miniscrew sites using sterile cotton tip applicators. 
Using a diamond tip bur, retention grooves were cut around the canines, second 
premolars, and fourth premolars. The teeth were mirco-etched and then etched with 37% 
phosphoric acid gel for 15 s. After irrigating and drying the teeth, the appliance was 
cemented as a single unit on each side of the arch with light-cured RelyX Unicem 2 
Automix (3M ESPE, Neuss, Germany) resin cement. Excess cement was removed to 
prevent gingival irritation. The appliances were activated by attaching 6 mm medium 
NiTi closed coil springs (Ormco, San Dimas, CA) from the soldered hook on the second 
premolars to the soldered hook on the fourth premolars using 0.008” stainless steel 
ligature wire. The springs were activated to 200 g. Force was verified throughout the 
experiment using a Correx force gauge (Haag-Streit, Bern, Switzerland). A small 
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amount of Transbond XT (3M supplier info) was cured over the sharp ends of the 
ligature ties and over the ends of the guard wires to prevent irritation. 
To standardize the intra-oral measurements, notches were cut into the cusp tips of 
the canine, second premolar, and fourth premolar. Digital calipers (RadioShack, Fort 
Worth, TX) were used to measure (to the nearest 0.01 mm) the distance between the 
second premolar and fourth premolar. Three replicate caliper measurements were made 
at each measurement occasion and averaged. To aid in measuring tooth movements on 
radiographs, amalgam markers were placed into small (~1 mm deep) preparations drilled 
into the enamel of the canine, second premolar, and fourth premolar.  Dental amalgam 
was triturated and packed into the preparations. Post-operative periapical radiographs 
were taken using the described cephalostat. Intraoral photos were also taken. 
Measurements and Analysis 
Intra-oral caliper measurements, photographs, and periapical radiographs were 
again taken at weeks 1, 3, 5, and 7. At each occasion, the NiTi spring was retied and 
calibrated using the Correx gauge to ensure that 200 g of force was being delivered. A 
single investigator (CC) recorded all intra-oral measurements for consistency. The 
investigator was blinded regarding which side was control and experimental and, by 
week 1, the MOP sites were fully healed so that the experimental and control sides could 
not be distinguished. 
To evaluate the amount and location of subsequent bone modeling, calcein green 
(10 mg/kg intravenously) was administered at week 3. Alizarin red (20 mg/kg 
intravenously) was administered at week 5 and calcein green was again administered at 
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6.5 weeks. 
After seven weeks of second premolar retraction (day 49), the animals were 
again sedated with the previously described ketamine and xylazine cocktail and final 
records were obtained, including periapical radiographs, caliper measurements, 
photographs, and impressions. The common carotid arteries were then both cannulated 
and the external jugular veins were severed. An intracardial injection of 2 cc 
beuthanasia-D was given. After cessation of heart function was confirmed, 
approximately 1.5 L of saline followed by 1 L of 4% paraformaldehyde was flushed 
through the cannulas. The maxilla was then harvested and stored in 4% 
paraformaldehyde for 10 days and then 0.5% paraformaldehyde until samples were 
collected for histology and µCT. 
Radiographic Analysis of Movement  
Periapical radiographs were imported into Viewbox 4.0 (DHAL Software, 
Kifissia, Greece). Using a custom protocol, all radiographs were analyzed to quantify the 
translation and tipping of the second premolar. A single, blinded investigator (CC) 
digitized the radiographs; also, MOPs were not visible on the radiographs so the 
experimental and control sides could not be distinguished. 
The mesial crest of the fourth premolar, the distal crest of the canine, the mesial 
and distal root apices of the second premolar, and the furcation of the second premolar 
were digitized (Figure 4). A line connecting the alveolar crests of the canine and the 
fourth premolar was used as the alveolar crest reference line. Another line representing 
the long axis of the tooth was drawn from the second premolar root apex midpoint 
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through its furcation. The angle formed between the long axis line of the second 
premolar and the alveolar crest reference line was used to assess tipping. Additionally, 
the midpoint of the furcal bone along the long axis of the second premolar was 
calculated and used as an approximate center of resistance of the tooth. This center of 
resistance was projected perpendicularly onto the alveolar crest reference line. The 
distance from this projected point to the mesial crest of the fourth premolar on the 
alveolar crest reference line was used to measure second premolar translation. 
µCT Assessment of Bone Density 
After sacrifice, all specimens were sectioned to include the second premolar, its 
furcation, and the distal bone into which the second premolar was being moved (Figure 
5). These segments fit in 27 mm wide µCT tubes. They were stabilized so that the buccal 
surface was perpendicular to the long axis of the specimen tubes, which were filled with 
70% ethanol and sealed with parafilm (Pechiney Plastic Packaging Company, Chicago, 
IL). The entire distal MOP site and second premolar were scanned using the Scanco µCT 
35 scanner (ScanCo Medical, Basserdorf, Switzerland). The specimens were imaged at 
30 µm resolution, using 55 kVp, 145 µA and 800 ms integration time. Bone volume 
fraction and bone density were calculated with Analyze V12.0 software (AnalyzeDirect, 
Overland Park, KS).  
The same volume of interest was defined for analysis on both the experimental 
and the control sides of the maxilla. It included the alveolar bone immediately distal to 
the second premolar (Figure 5). The volume was constructed as a 0.3 mm x 0.3 mm 
square cross-section (occlusal view) extending down the length of the distal surface of 
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the distal root at the mid-buccolingual position. The middle 80% of the distal root length 
was determined by locating the slice where the apex began and the slice where the 
alveolar bone crest began and removing the 10% of slices at each end. The bone volume 
to total volume ratio and bone density were both measured for the volume of interest. 
Histologic and Fluorescent Image Evaluation of Specimens  
Five randomly selected specimens were cut to harvest the bone for hematoxylin 
and eosin (H+E) staining. The samples were sectioned through the distal root of the 
second premolar, so that one portion included the mesial half of the distal root, the 
furcation, and the mesial root. The remaining portion of the sectioned sample included 
the distal half of the second premolar root plus the bone containing the distal MOP field 
as seen in the radiograph in Figure 5A. The specimens were decalcified in 
ethylenediaminetetraacetic acid, dehydrated in graded alcohol, cleared with xylene, then 
infiltrated and embedded in paraffin. The specimens were cut along the sagittal plane to 
a thickness of 5 to 6 µm. Starting with the section closest to the buccal cortical surface, 
every 15th to 20th section was selected for a total of approximately 10 sections per tooth 
that were mounted. These sections were mounted to glass slides and stained with 
hematoxylin and eosin to evaluate the bone appearance and presence of MOPs. The 
section images were captured at 20x magnification and digitized using an Olympus 
VS120 Virtual Slide Scanner (Olympus Scientific Solutions Americas Corp., Waltham, 
Massachusetts). 
Two undecalcified specimens were sectioned to include the second premolar 
roots and furcation and also the bone containing the distal MOP field. Alizarin red and 
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calcein green staining images were captured at 5x magnification and digitized using an 
Eclipse 80i microscope (Nikon, Tokyo, Japan). 
Statistical Analyses   
All statistical analyses were performed by IBM SPSS® version 23. Because the 
skewness and kurtosis statistics showed normal distribution, the data were summarized 
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CHAPTER IV  
RESULTS 
 
After surgery, healing proceeded normally without any signs of swelling or 
infection. During the course of the experiment, two dogs had spring detachment, a solder 
joint fail, or a bent wire (Table 1). All appliances were repaired the same day the issue 
was detected.  
Table 1: Adverse events related to appliances 
Dog Week Description Impact Action 
6 3 Experimental side spring disengaged 
Up to 2 weeks 
without spring force 
Repaired at Week 3 
Records 
2 5 
Control side guard 
wire solder joint 
failed.  
None since retraction 
wire undamaged 
Repaired at Week 5 
Records 
6 5 
Control side guard 




Repaired at Week 5 
Records 
6 6.5 
Control side guard 








Intraoral caliper measurements showed that space closure between the second 
and fourth premolars was significant compared to the initial position for both sides. The 
crown moved 0.86 ±_0.47 mm and 0.94 ± 0.41 mm on the control and experimental 
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sides, respectively (Figure 6). There was no significant group difference (p > 0.05 at 
each measurement occasion) for the intraoral measurements.  
Radiographic measurements also showed that space closure between the second 
premolar and fourth premolar was significant compared to the initial position on both 
sides, with 0.79 ± 0.50 mm of movement on the control side and 1.06 ± 0.43 mm on the 
experimental side (Figure 7). The group difference between the control and experimental 
side movements was not statistically significant (p > 0.05) at any of the measurement 
occasions. The second premolars tipped a total of 0.73 ± 3.14° and 0.45 ± 2.98° on the 
control and experimental sides, respectively, with no statistically significant difference 
(Figure 8).  
µCT and Histological Assessments 
µCT analysis showed that the density of the alveolar bone adjacent to the second 
premolar was slightly higher on the control (4639 ± 339 mg HA / cm3) than the 
experimental (4467 ± 273 mg HA / cm3) side, but the difference was not statistically 
significant (p = 0.237, Figure 9). Bone volume fraction of bone adjacent to the second 
premolar was lower on the experimental (0.33 ± 0.13) side than on the control (0.37 ± 
0.18), but the difference was not significant (p = 0.398, Figure 10).  
The H+E sections showed evidence of resorption, including Howships lacunae 
and osteoclasts resorbing mature alveolar bone on the compression side of the translating 
tooth (Figure 11 & 12). Also, the compression side of the tooth roots showed resorptive 
lacunae in some locations. On the tension side, osteoblasts and newly formed woven 
bone were observed, with a bone front cement line apparent at the intersection of new 
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and old bone (Figure 13). Because the thickness of the bone front was nearly uniform 
thickness from the coronal to the apical aspect of the root surface, the parallel bone front 
supports primarily translation and only minimal tipping occurred during tooth 
movement.  
The experimental alveolar bone appeared similar in appearance to control bone 
(Figures 11 & 12). Both had a mixture of woven and lamellar bone. New woven bone 
was being formed at the extraction site margins in both experimental and control 
samples.  
MOPs in the furcation and in the distal MOP area were visible on the H+E 
experimental sections. A mixture of woven and lamellar bone was seen within the MOP 
border (Figures 12B-C). At the MOP border, active remodeling was taking place as 
indicated by osteoblastic and osteoclastic activity (Figure 12B-C). This remodeling 
extended approximately 300 µm from the MOP border.  
Areas of empty lacunae (acellular bone) were noted around the perimeter of the 
MOPs (Figure 12B-C). As little as 20% and as much as 85% of the MOP perimeters 
were surrounded with acellular regions. The acellular region thickness generally 
extended 200 to 500 µm from the MOP border. One MOP showed an acellular region 
extending approximately 800 µm from the MOP border (Figure 12B). One acellular 
region extended to the resorbing tooth socket (Figure 12C). In the control samples, the 
bone adjacent to the resorbing bone front was cellular (lacunae contained osteocytes, 
Figure 11).  
In some acellular regions of experimental bone, there were small clusters of 
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lacunae with osteocytes in close proximity to Haversion canals (Figure 12C). Beyond the 
acellular region, the mature bone exhibited an appearance consistent with control bone. 
In the control bone, small regions of empty lacunae were noted, but generally the bone 
was cellular (Figures 11B-C). 
The fluorescent images showed bone mineralization during the experiment 
(Figure 14). The green label indicated that bone was mineralized when calcein was 
administered at 3 weeks and then again 6.5 weeks into the experiment. The red label 
indicated bone that was mineralized when alizarin red was administered at 5 weeks. 
With the exception of the actual MOP sites, the experimental sections showed similar 
bone mineralization to the control side sections. This was true for the bone in the second 
premolar furcation and also for the alveolar bone immediately distal to the second 
premolar.  
A magnified fluorescent image of a MOP hole (Figure 15) shows that bone 
mineralization was primarily contained within the original MOP border; the limited 
turnover within 1.0 mm of the MOP border may represent remodeling of microfractures. 
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CHAPTER V  
DISCUSSION 
 
In this study, the overall increases in tooth movements produced with MOPs 
were small, indicating that the extent of the device’s effect was limited. After seven 
weeks, the teeth on the experimental side had moved only 0.05-0.27 mm more than the 
teeth on the control side, differences that were neither statistically nor clinically 
significant.  Previous studies evaluating the effects of MOPs on tooth movements are 
inconsistent. Using rats as their experimental models, Teixeira et al56 reported significant 
differences in tooth movements with three MOPs, while Baloul et al57 found no 
differences beyond 1 week with ten MOPs. The reason for the different outcomes is 
unclear, though there were variations in the study designs; Teixeira et al applied 51 g of 
force and flapped both the experimental MOP side and control side, whereas Baloul et al 
applied only 25 g of force and flapped only the MOP experimental side. Evaluating the 
effects of MOPs on tooth movements in dogs, Safavi et al,62 reported faster tooth 
movements during the first month, no differences during the second month and slower 
tooth movements during the third month. Swapp et al48 performed flapless perforations 
in dogs and found no effects on tooth movements or on the bone through which the teeth 
were being moved. In humans, Alikhani et al58 placed three MOPs without flaps and 
showed faster tooth movements on the experimental than control side during the first 28 
days. The present study was the first to evaluate the biological effects of MOPs in a large 
animal model, which more closely resembles human bone and tooth structures. 
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 When MOPs are placed three or more millimeters away from the tooth being 
moved, they do not increase tooth movements because they have no major effect on 
either the amount or density of bone adjacent to the teeth being moved. The density and 
volume fraction of bone adjacent to the teeth being moved in the present study were 
3.7% and 10.7% less than in controls, respectively. This is consistent with VanGemert, 
who reported density reductions of 3.8% at 3 mm from the MOP border.64  Swapp et al, 
who created flapless cortical injuries, also found no differences in bone density or bone 
volume in medullary bone, and also reported no differences in tooth movements.48 Owen 
et al60 reported reductions in density and bone volume similar to those in the present 
study and a 33% increase in tooth movements, but they also raised a flap. Since the RAP 
effect is proportional to the amount of injury,12,45 and since MOPs might be expected to 
produce less of an insult than flaps, a lesser effect on bone adjacent to the teeth and 
lesser increases in tooth movements might be expected with MOPs. Importantly, the 
exact amount of change in bone volume or density required to alter tooth movements 
remains unknown and needs to be established in future studies. 
Propel indicates MOPs should be placed within a 10 mm radius of the tooth to be 
moved and MOPs were placed approximately 3 mm from the teeth to ensure an effect.65 
However, the principal visible effects of the MOP appear to be limited to approximately 
1–1.5 mm from the edge of the MOP. In the present study, an acellular region of bone 
(i.e. empty lacunae) was found extending up to 0.8 mm from the MOP border. Acellular 
bone results when osteocytes undergo apoptosis in response to excessive bone strain and 
microfracture,66 such as with insertion of a miniscrew.67 VanGemert, whose study was 
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specifically designed to evaluate the extent of MOPs’ effects on bone, found an acellular 
region extending 0.5-0.8 mm from the MOP border, which was closely related to the 
region of microfractures extending from the MOP.64 They showed bone density in this 
region was 7 to 14% lower than in the same region on the control side. Based on 
quantitative differences in bone density (less than 5% difference at 1.5 mm) and bone 
hardness (less than 1% difference at 1.5 mm), they suggested that the major effects of 
MOPs on bone are limited to 1.5 mm, well short of the 3 mm – the distance from the 
tooth root – required to move teeth faster in the present study.  
Areas of acellular bone around the MOP site could impede tooth movements. 
While the control bone exhibited approximately 5% acellular bone, as previously 
reported for other control samples,66 acellular bone surrounded 20% to 85% of the MOP 
borders on the experimental side. Because osteocytes can resorb bone more efficiently 
from within their extensive canalicular network than osteoclasts can resorb the external 
surface of bone,68 the localized acellular bone may take longer to demineralize and 
resorb, and so serve as an impediment to tooth movement. The bone associated with the 
hyalinization that occurs during tooth movement is also acellular. When hyalinization 
occurs, tooth movement is disrupted because the necrotic areas need to be resorbed.69 
Bone resorption occurs from the adjacent marrow spaces and from the unaffected PDL 
regions.70  
 Interestingly, it appears that MOPs may produce slight, early, and temporary 
increases in tooth movements. In the present study, the experimental side exhibited 
somewhat greater – albeit not statistically significant – increases in tooth movements 
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during the first few weeks.  Faster tooth movements have been shown to be limited to 
the first month following corticotomies in other dog studies. 42,62,71 Sanjideh et al,44 who 
perhaps most closely evaluated rates of tooth movement after corticotomies, showed 
maximum velocity differences during the third week, with diminishing effects thereafter.  
If faster tooth movements occurred in the present study, they were likely due to distant 
demineralization of bone. Increased osteoclastic activity up to 2.5 mm from the MOP 
site has been reported in the dog mandible after 2 weeks, but not after 4 weeks.64   
In the present study, the MOPs were placed approximately 3 mm from the tooth 
being moved, which is well beyond the area of bone injured by the MOPs.  In addition to 
attracting osteoclasts to the injured area, osteocytes serve as an interconnected network 
of mechanosensors that respond to local bone strain.72 Upon sensing injury, osteocytes 
can directly demineralize bone within their extensive canalicular network.68 Osteocytes 
communicate via intercellular gap junctions with over 1100 other osteocytes.72 Distant 
demineralization may be needed to provide calcium for local injury repair. Importantly, 
the slight and temporary distant demineralization that occurs does not appear to have a 
lasting effect on tooth movements. Moreover, slight distant demineralization may 
explain the difference in canine retraction produced with MOPs in humans.58 Assuming 
that the increase was partially due to tipping, as indicated in Figure 16 and Appendix B, 
the actual tooth movements could have been less than 0.8 mm on the experimental side 
and 0.3 mm on the control side. These values more closely approach the distant effect 
produced in the present study. As indicated previously, the effect is probably small and 
temporary, which Alikhani et al58 were not able to verify because they only evaluated 
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tooth movements for 28 days; previous studies have shown increased tooth movements 
diminish after the first month.42,44,57,59,62,71  
Considering the entire seven week duration of the present experiment, the control 
maxillary premolars moved less than might be expected.  Caliper measurements totaled 
0.9 mm in the present study, with approximately 0.45 mm per month of control tooth 
movement. In a systematic review, Ren and coworkers reported that dogs’ teeth move 
0.27 mm per week, or 1.08 mm per month.11 Their estimate was based on different types 
of tooth movements, including space closure between two teeth. Less movement in the 
present study may have resulted from better tipping control. The present appliance 
design limited tipping to 0.73° on the control side, resulting in nearly pure bodily 
movement. Translation of teeth produces half as much movement as uncontrolled 
tipping and translation.73 Based on this ratio, the control tooth movement of 0.73 mm per 
month reported by Cho et al42 becomes 0.38 mm per month when tipping effects are 
removed, which matches the control tooth movements in the present study.  
Healing time after extractions could also impact tooth movements. In the present 
study, extraction sites were allowed to heal for one month prior to MOP surgery and 
appliance activation.  Hasler et al74 found that canine retraction started immediately after 
extractions was faster in humans than retraction after healing. Dog studies that did not 
allow extraction sites to heal also showed faster tooth movement62,71 than dog studies 
that moved teeth immediately after extraction.59 It has been suggested that extractions 
cause the RAP,75 during which the hard tissues undergo increased bone modeling, 
reduced mineral density, and transient osteopenia.1 Studies that do not control tipping 
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and/or initiate tooth movement immediately after extraction will likely show faster tooth 
movements than the present study, which did control tipping well and allowed for 
extraction site healing.  
 Bone in the MOP site is largely, but not fully repaired after 7 weeks. At the end 
of the present study, the MOPs were filled with woven and some lamellar bone, 
suggesting that bone formation starts soon after injury. MOPs sites have been shown to 
exhibit small spicules of woven bone after 2 weeks, and greater amounts of woven bone 
and small areas of lamellar bone after 4 weeks.64 Bone around endosseous implants 
shows a similar healing pattern, with woven bone after 2 weeks, greater amounts of 
woven bone along with areas modeling into lamellar bone after 4 weeks, and woven 
bone nearly filling the healing chambers, along with primary and secondary osteons, 
after 6 weeks. During normal bone healing, injuries initially fill with a blood clot that is 
infiltrated within 2–3 weeks by reparative cells to form granulation tissue, around which 
osteoclasts resorb the damaged bone surfaces and osteoblasts begin to deposit and 
rapidly mineralize osteoid on the exposed bone surface.40 Since healing depends on an 
adequate blood supply, the extent of injury, and the site’s stability, faster healing might 
be expected with MOPs. With respect to MOP sites, the healing process appears to occur 
through direct intramembraneous bone formation,76 with woven bone appearing as soon 
as 2 weeks and lamellar bone appearing as early as 4 weeks, with approximately 
50% woven and 50% lamellar bone by 7 weeks.  
The results hold two important clinical implications. First and most important, 
MOPs probably do not have a clinically significant effect on tooth movements if they are 
  44 
placed away from the tooth being moved.  For example, MOPs centered in an extraction 
site probably will no affect movements of the adjacent teeth because they are too far 
away  and damage is insufficient. Second, if the principal effects on bone extend 1-1.5 
mm beyond the MOPs’ borders, they would need to be placed much closer to targeted 
teeth and in a higher numbers so as to overlap the affected areas along the surface of the 
tooth. Placing more MOPS closer to the tooth increases the risk of root damage, patient 
discomfort, and infection.  In light of these concerns, patient acceptance would likely 
decrease.  
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CHAPTER VI  
CONCLUSIONS 
 
Within the limits of this study, MOPs placed in the dentoalveolar region of dogs 
produced no longer-term differences in tooth movement rates and no statistically 
significant differences in tooth movements after 7 weeks. They also had no significant 
effect on the density or volume fraction of medullary bone adjacent to the tooth being 
moved. The MOPs may have produced slight and temporary increases in tooth 
movements during the first three weeks. The injury had largely repaired after 7 weeks, 
with woven and some lamellar bone filling the MOP site, with an acellular region of 
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APPENDIX B 
MAXILLARY CANINE TIPPING CALCULATION 
 
Tip results in the tooth’s incisal edge cusp tip moving further than the tooth’s 
center of resistance. Based on the provided measurements, tip can be estimated for the 
reported maxillary canine movement in Alikhani et al.58 The incisal and cervical 
measurement points and movements are represented in Figure 16. Panel A shows the 
estimated crown height,77 root length,77 center of resistance location,78 and vertical 
height from the incisal edge to the cervix77 represented as YC; these values represent a 
typical maxillary canine morphology. Also shown in panel A, YCR represents the total 
tooth height from the center of resistance to the incisal edge, which can be estimated as 
follows:  
 
𝑌!" = 𝐶𝑟𝑜𝑤𝑛  𝐻𝑒𝑖𝑔ℎ𝑡 + 13 ∗ 𝑅𝑜𝑜𝑡  𝐿𝑒𝑛𝑔𝑡ℎ 
 
Figure 16 panel B illustrates the maxillary canine’s bodily translation (R) of the 
center of resistance and total tipping of the tooth (TT). XCervical and XIncisal represent the 
measured movements of the tooth’s cervix and the incisal cusp, respectively. The 
difference between these values equals TC, the amount of tip in the clinical crown: 
 𝑇! = 𝑋!"#$%&' − 𝑋!"#$%&'( 
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As seen in Figure 16 Panel C, similar triangles relate the tooth’s incisal and 
cervical movements to the center of resistance. The following ratio therefore relates the 
estimated total tooth tipping, TT, which occurs from the center of resistance to the cusp 
tip, and the tip in the clinical crown, TC:  
 𝑇!𝑇! = 𝑌!"𝑌!  
 
Solving this ratio for TT yields: 
 
𝑇! = 𝑌!"𝑌! ∗ 𝑇!  
 
As shown in Panel B, the measured incisal movement, XIncisal, can be related to 
the tooth’s bodily translation, R, and total tip, TT, through the following equation: 
 𝑋!"#$%&' = 𝑅 + 𝑇! 
 
Rearranging this relationship gives: 
 
 𝑅 = 𝑋!"#$%&' − 𝑇! 
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Therefore the tooth’s bodily translation, R, and the tooth’s total tipping, TT, can 
be estimated from the Alikhani et al data using the above equations. Calculations for 
variables common to both the control and experimental sides follow: 
 𝐶𝑟𝑜𝑤𝑛  𝐻𝑒𝑖𝑔ℎ𝑡 = 10  𝑚𝑚 𝑅𝑜𝑜𝑡  𝐿𝑒𝑛𝑔𝑡ℎ = 17  𝑚𝑚 
𝑌!" = 𝐶𝑟𝑜𝑤𝑛  𝐻𝑒𝑖𝑔ℎ𝑡 + 13 ∗ 𝑅𝑜𝑜𝑡  𝐿𝑒𝑛𝑔𝑡ℎ = 10+ 13 ∗ 17 = 15.7  𝑚𝑚 𝑌! = 7  𝑚𝑚 
 
Translation and tipping calculations specific to control side follow: 
 𝑇! = 𝑋!"#$%&' − 𝑋!"#$%&'( = 0.55− 0.43 = 0.12  𝑚𝑚 𝑇! = 𝑌!"𝑌! ∗ 𝑇! = 15.77 ∗ 0.12 = 0.27  𝑚𝑚 𝑅 = 𝑋!"#$%&' − 𝑇! = 0.55− 0.27 = 0.28  𝑚𝑚 
 
Similarly for the experimental side, translation and tipping calculations can be 
made as follows: 
 𝑇! = 𝑋!"#$%&' − 𝑋!"#$%&'( = 1.27− 1.05 = 0.22  𝑚𝑚 𝑇! = 𝑌!"𝑌! ∗ 𝑇! = 15.77 ∗ 0.22 = 0.49  𝑚𝑚 
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𝑅 = 𝑋!"#$%&' − 𝑇! = 1.27− 0.49 = 0.78  𝑚𝑚 
 
The above calculations indicate that the 0.55 mm reported for the control side 
incisal measurement resulted from an estimated 0.28 mm of bodily translation and 0.27 
mm of tip. For the experimental side, the reported 1.27 mm of incisal movement resulted 
from an estimated bodily translation of 0.78 mm and tipping of 0.49 mm.  
 
